The objectives of this study were 1) to evaluate the characteristics of rich diesel combustion near the stoichiometric operating condition, 2) to explore the possibility of stoichiometric operation of a diesel engine in order to allow use of a three-way exhaust after-treatment catalyst, and 3) to achieve practical operation ranges with acceptable fuel economy impacts. Boost pressure, EGR rate, intake air temperature, fuel mass injected, and injection timing variations were investigated to evaluate diesel stoichiometric combustion characteristics in a singlecylinder high-speed direct injection (HSDI) diesel engine. Stoichiometric operation in the Premixed Charge Compression Ignition (PCCI) combustion regime and standard diesel combustion were examined to investigate the characteristics of rich combustion.
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INTRODUCTION
Stringent future emission regulations will not be met by improving diesel combustion alone, but will require the use of after-treatment devices. The use of aftertreatment devices like three-way and four-way catalysts is one of several promising candidates to meet the future regulations. Though the use of the three-way catalyst is a well-established technology in spark ignition engines, it is a big challenge for use in the diesel engine since it is hard to run a diesel engine under stoichiometric conditions with acceptable fuel consumption and soot emissions. The intrinsic mixing-controlled combustion in the diesel engine produces locally rich spots which are sources of soot, unburned hydrocarbon, and carbon monoxide emissions, and also impacts fuel economy.
Rich diesel combustion has been proposed for the purpose of low emission strategies [1] [2] [3] [4] [5] [6] [7] [8] and for regenerating a lean NOx trap [8] [9] [10] [11] . However, results have revealed that the fuel consumption and the accompanying carbon monoxide, hydrocarbon and soot emissions increase as the equivalence ratio approaches closer to the stoichiometric condition. Especially the fuel economy and carbon monoxide are marginal at stoichiometric operation, even with the premise of limited operation for the purpose of a lean NOx trap regeneration. It is still important to resolve issues related to emissions from rich spots even under normal diesel operation, where the diesel engine is operated with a lean overall equivalence ratio. Homogeneous Charge Compression Ignition (HCCI) operation is desired to minimize locally rich regions due to poor mixing. However, achieving HCCI by early injection has poor fuel economy due to liquid fuel film formation on the piston and liner surfaces due to the lower air density and the increased spray penetration under these conditions. In this study, stoichiometric operation in the Premixed Charge Compression Ignition (PCCI) combustion regime and standard diesel combustion were examined to investigate the characteristics of rich combustion. Both combustion regimes are closer to practical application and provide fairly good fuel economy [1] [2] [3] [4] [5] . Lee and Reitz [3] found that PCCI combustion could allow stoichiometric operation with less impact on fuel economy with optimal spray targeting to improve fuel-air mixing. When an aftertreatment device like the three-way catalyst is considered, more emphasis can be given to the fuel economy than to emissions since the emission regulations can be met by selecting an adequate set of after-treatment devices. Therefore, the work in the present study is mostly devoted to estimating parameters affecting the fuel consumption at rich diesel combustion.
The objectives of this study are to evaluate the characteristics of rich diesel operation and its emissions with respect to engine operating parameters, and to identify key parameters which determine fuel consumption at stoichiometric operation. The operating parameters considered in this study were the boost pressure, EGR rate, intake air temperature, fuel mass injected, and injection timing.
EXPERIMENTAL SETUP
The present test engine consists of a Hydra single cylinder engine from Ricardo Research and a single cylinder version of a Fiat cylinder head which was designed for 2.4L five-cylinder engine. The cylinder head is equipped with double over-head camshafts and two exhaust ports and two intake ports, which consist of a helical port and a directed port to control the swirl ratio. The original Fiat piston was replaced with an open-crater-type bowl piston which was designed using CFD and a genetic algorithm (GA) optimization [12] to realize the NADI concept [13] . Specifications of the engine are indicated in Table 1 .
The injection system used for this study was a Bosch common-rail injection system. The specifications of the common rail injection system are summarized in Table 2 . A nozzle with a 130 degree spray included angle was chosen since the nozzle gave better soot and carbon monoxide emissions in the low emission study of Lee and Reitz [3] through a wide range of injection timings. NOx, CO, HC, and Exhaust CO2, were measured with a Nicolet Rega model 7000, FTIR emissions analyzer. Intake CO2 was assessed with a Horiba PIR-9000 infrared gas analyzer. Exhaust smoke levels were sampled with a Bosch RTT100 instrument.
Cylinder pressure was measured with a Kistler 6125A piezo-electric pressure transducer and the measured signal was amplified and converted into a voltage with a Kistler 5010 charge amplifier. The output signal from the charge amplifier was sampled with a National Instruments AT-MIO-16E-1 data acquisition board every quarter degree crank angle. The pressure traces were averaged over 300 cycles to compensate for cycle-by-cycle variations. The IMEP includes pumping loss during the gas exchange process by considering the whole engine cycle. Heat loss was not considered and the specific heat was assumed to be constant, 1.33, when the heat release rate was evaluated.
OPERATING CONDITIONS
The operating conditions in this study correspond to a representative condition for small bore HSDI engines in the New European Drive Cycle (NEDS) [4] and based on Lee and Reitz [3] . The effects of boost pressure, injection timing, and intake temperature were investigated by adjusting the energizing time (fuel amount) and EGR level to achieve the desired equivalence ratio. The boost pressure was changed as a method to control the load under stoichiometric operation, and the effects were evaluated. Two injection timings, which are representative of operation in the PCCI regime and in standard diesel [3] , respectively, were selected to assess the effects of injection timing. Changes in intake air temperature were also evaluated to estimate the effects of combustion phasing on fuel economy by lowering the intake air temperature from 90 to 40 degrees C. The detailed conditions are compared in Table 3 .
RICH COMBUSTION CHARACTERISTICS
There is less information available about diesel stoichiometric operation since most previous diesel studies have focused on low emissions and the application to regeneration of the lean NOx trap. In this section, the emissions and fuel consumption characteristics will be discussed to identify key parameters and to determine methods to improve the fuel economy under stoichiometric operation.
FUEL ECONOMY AND CARBON MONOXIDE EMISSIONS
When the fuel consumption is evaluated with respect to the equivalence ratio, as shown in Figure 3 , a strong dependence on the equivalence ratio is seen.
Operating conditions considered in this study do not show significant fuel economy difference especially when equivalence ratio approached unity. The fuel consumption at stoichiometric condition was about 245 g/kW-hr, which was 7% higher than the best fuel consumption (229 g/kW-hr) of CASE_2, a representative of standard diesel combustion.
However, the effect of operating conditions on the fuel economy becomes significant as the equivalence ratio becomes leaner. Retarding injection timing to -15 degrees ATDC (CASE_2) yields best fuel c o n s u m p t i o n , 2 2 9 g / k W -h r , a t a r o u n d 0 . 8 equivalence ratio while the base injection timing cases (BASE and CASE_1) yield about 240 g/kW-hr regardless of boost pressure at around 0.9 equivalence ratio. Most of the fuel has burned before TDC when the injection timing is -35 degrees ATDC (BASE and CASE_1). However, the main combustion takes place after TDC when the injection timing is retarded by 20 degrees (CASE_2) or the intake temperature is lowered by 50 degrees (CASE_3).
The relative insensitivity to the phasing effect under stoichiometric conditions will be discussed later.
Short ignition delay at standard diesel combustion (CASE_2) is believed not to provide sufficient fuel-air mixing as the equivalence ratio becomes rich. The fuel consumptions and carbon monoxide emissions of CASE_2 start to increase at around 0.8 equivalence ratio as shown in Figure 3 and Figure 4 while the other PCCI combustion cases (SOI = -35 degrees ATDC) start to increase at 0.9 equivalence ratio. Table 3 No significant difference in carbon monoxide emissions due to the operating parameters were observed up to 0.8 equivalence ratio in Figure 4 . However, the emissions increase with equivalence ratio as the ratio becomes richer beyond 0.8, and the effect of late injection timing (CASE_2) becomes significant due to poor fuel-air mixing that resulted from the short ignition delay. The steeper increase of carbon monoxide emission of CASE_2 explains why CASE_2 shows similar fuel consumption at stoichiometric operation though it has a combustion phasing advantage compared to the other PCCI cases. Interestingly, the carbon monoxide trends of the PCCI combustion cases (BASE, CASE1, and CASE_3) is similar to that of a gasoline engine, of which carbon monoxide emissions start to increase around 0.9 equivalence ratio [14] . This suggests that PCCI combustion provides fairly good fuel-air mixing even at stoichiometric operation.
The energy exhausted with carbon monoxide and unburned hydrocarbon emissions was evaluated with respect to the equivalence ratio, as shown in Figure 5 , to identify how much energy was wasted in the exhaust emissions. The energy contained in the emissions was calculated using the lower heating values of the carbon monoxide and hydrocarbon emissions (C1 to C5 species). Soot was not counted since the mass of soot was negligible when it was compared to both carbon monoxide and hydrocarbon emissions. The input energy consisted of the energy contained in both EGR and fuel. Figure 5 , which is for the BASE case, shows that the energy in carbon monoxide emissions becomes higher as the equivalence ratio increases. In particular, 5% of the input energy is wasted with the carbon monoxide emissions at the stoichiometric condition, while around 1% is wasted with the unburned hydrocarbon emissions. This indicates that the wasted energy through carbon monoxide emissions is one of the major contributors to the fuel consumption disadvantage at stoichiometric operation. As a result, carbon monoxide can be confirmed to be one of the most important key parameters that affect fuel economy near stoichiometric operation, while the fuel economy is usually dominated by the injection timing and combustion phasing under leaner diesel operation.
SOOT AND NOx EMISSIONS
When the use of after-treatment devices to treat hydrocarbon, carbon monoxide, soot and NOx is assumed, considerations of soot and NOx emissions become less important under stoichiometric operation. However, the emissions need to be estimated since the levels determine the selection of after-treatment devices. The trends of soot and NOx emissions with respect to equivalence ratio are shown in Figure 6 and Figure 7 , respectively. The soot emissions start to increase when the equivalence ratio exceeds certain limits which depend on the injection timings.
Operation with standard diesel combustion (CASE_2), for which the injection timing was -15 degrees ATDC, results in higher soot emissions compared to the other PCCI combustion cases. The soot emissions of PCCI cases indicate fairly low levels, around 0.2 g/kW-hr, even at stoichiometric operation. The higher soot level in standard diesel combustion may result from the lack of mixing and poor charge preparation due to the short ignition delay.
The NOx emissions are seen in Figure 7 to decrease with increasing equivalence ratio, and reach about 0.14 g/kW-hr or less at the stoichiometric operating point. The significantly low level of the NOx emissions suggests the possibility that there could be no need for a reducing NOx catalyst to satisfy regulations. However, more investigations under higher load conditions are needed since the conditions in this study mostly belong to the low temperature combustion regime, which has been proven to have advantages in its NOx emissions. Indeed, stoichiometric diesel combustion at lower EGR levels is particularly attractive to minimize the complexity of the engine system.
FUEL ECONOMY

COMPARISON BETWEEN LEAN AND RICH OPERATION
Fuel consumption results from lean to stoichiometric combustion conditions are compared in Figure 8 to help in evaluating the effect of equivalence ratio, φ, on the fuel consumption. The IMEP in this plot ranges from 270 to 590 kPa. Two ways to control equivalence ratio were compared for the case of lean operation. The equivalence ratio for the case indicated with empty circles achieved the desired equivalence ratio by reducing the EGR level from 50 to 0% while keeping the injected fuel mass at the same level of that of the 0.9 equivalence ratio case of CASE_2 using the same injection timing. The equivalence ratio for the other cases were achieved by reducing injected fuel mass while keeping EGR level around 55%.
As seen in Figure 8 , the fuel consumption shows the best values (about 229 g/kW-hr for standard diesel combustion and about 240 g/kW-hr for PCCI combustion) when the equivalence ratio is between 0.8 and 0.9. Since losses due to gas exchange process were constant and have more impact in cases of decreased fuel amount (load), lean operation sacrifices fuel consumption significantly when the equivalence ratio is controlled by fuel Figure 8 . Fuel consumption for lean-to-stoichiometric operating conditions obtained by varying EGR with the fueling rate of the φ=0.9 case amount. However, the equivalence ratio has only a minor impact when the fuel amount was kept constant while the equivalence ratio was controlled with EGR levels, as shown with empty circles in Figure 8 . On the other hand, rich operation including stoichiometric operation also sacrifices fuel consumption due to incomplete combustion, as discussed in Figure 4 .
The parameters affecting fuel consumption can be grouped into combustion phasing and thermodynamic issues. As discussed by Kimura et al. [15] and Miles et al. [16] , the fuel conversion efficiency ( fc η ) can be written as a product of work conversion efficiency and heat rejection efficiency.
The first term on the right-hand-side of Eq. Figure 9 . Heat rejection efficiencies for lean to stoichiometric operating conditions obtained by varying EGR with the fuel rate of the φ=0.9 case As shown in Figure 9 , the heat rejection efficiency shows its best value (69%) at 0.8 equivalence ratio and is deteriorated as the equivalence ratio is changed away from the optimum. For example, the heat rejection efficiency at stoichiometric operation is around 64%, which explains most of fuel consumption impact compared to the optimum case. Heat transfer and gas exchange losses explain the lower heat rejection efficiency, resulting in higher fuel consumption at lean operation. Lower heat rejection efficiency at richer operation can be explained by the lower combustion efficiency that results in higher carbon monoxide emissions, as seen in Figure 4 . The comparison between the trends of fuel consumption and heat rejection efficiency confirms that the heat rejection efficiency is a major contributor to determine and improve the fuel consumption.
FUEL ECONOMY UNDER STOICHIOMETRIC OPERATION
As discussed previously, no significant change in the fuel consumption was observed under stoichiometric operation with the different boost pressure, injection timings, and intake air temperatures of the present tests. A discussion of why different parameters gave no significant change in fuel consumption is important to understand the characteristics of stoichiometric combustion and to be able to expand the operating range in the future. As discussed with Eq. (2), the fuel conversion efficiency, or fuel economy, is divided into two factors, the heat rejection efficiency and work conversion efficiency. The work conversion efficiency was estimated by considering combustion phasing with the location of peak heat release rate (HRR) and the 10 to 90% burn duration, and is compared with the heat rejection efficiency in Table 4 . Four representative stoichiometric cases in Table 4 were operated with the same fuel amount to isolate the effect of phasing and heat rejection efficiency from the effect of fuel amount (load).
The heat rejection efficiencies for stoichiometric operation summarized in Table 4 are about 64%, and there is no significant difference with changes in the operating parameters including EGR, injection timing, intake temperature, and boost pressure.
It might be conjectured that optimal combustion phasing could improve the fuel consumption when the ignition is delayed from the base timings of PCCI combustion by retarding the injection timing and lowering the intake air temperature. However, the delays do not give a significant benefit in fuel consumption in this study. As shown in Table 4 , a retarded injection timing from -35 to -15 degree ATDC (CASE_2) moves the location of peak heat release rate to 0.75 degree ATDC which leads to better fuel consumption compared to -4.5 degree ATDC in the baseline PCCI operation. However, the retarded timing yielded significantly increased burn duration, and 12% of the fuel energy remains unburned even after 10 degrees ATDC, as shown in Figure 10 . The 10 to 90% burn duration for the case with retarded injection timing (CASE_2) is about 14 crank angle degrees, as shown in Table 4 . This duration is about 2.8 times longer than those for the cases of -35 degree ATDC injection timing (BASE and CASE_1). The late combustion, which mainly results from the details of the mixing controlled combustion process [3] , cancels any gain obtained by moving the location of the peak heat release rate.
The equivalence ratio in CASE_3 was maintained by increasing the EGR level when the intake air temperature was lowered to 40 degrees C from the BASE value of 90 degrees C. The higher EGR level also decelerates reactions by lowering the overall combustion temperature [17] [18] [19] , as does the lower intake air temperature. In consequence, the peak heat release location of CASE_3 was retarded to 1.0 degree ATDC, which was similar to that of the retarded injection timing (CASE_2), even with PCCI (early injection) operation. However, a significant part of the heat in CASE_3 was released before TDC, unlike in CASE_2, and the burn duration in CASE_3 was extended as long as 1.4 times of the baseline PCCI cases. Both the early heat release and the extended burn duration deteriorates the advantage of delaying the location of the peak heat release and results in no significant advantage in fuel consumption.
CONCLUSIONS
The emissions and fuel consumption characteristics of an HSDI diesel engine operating with rich combustion were characterized by varying the boost pressure, injection timing, EGR level, fuel mass injected, and intake temperature. The fuel consumption at stoichiometric operation was scrutinized with regard to the heat rejection efficiency, combustion phasing and duration. The following conclusions are derived from the study:
1. The fuel consumption, carbon monoxide, soot, and NOx emissions characteristics are determined mostly by the equivalence ratio under rich diesel combustion conditions.
2. PCCI combustion showed a low level (0.2 g/kWhr) of soot emission even at stoichiometric operation.
3. Stoichiometric operation yielded ISFC levels of about 245 g/kW-hr which is 7% higher than that of the best fuel economy case with standard diesel combustion.
4. The fuel consumption penalty that resulted from incomplete combustion at stoichiometric operation was accompanied by carbon monoxide and unburned hydrocarbon emissions. However, the levels were acceptable when the use of a three-way catalyst is assumed.
5. The phasing of the heat release rate had only a minor influence on the fuel consumption since better phasing was accompanied by longer burn durations which canceled the gain.
6. The present study showed that diesel stoichiometric combustion is a possible way to meet future diesel emission regulations. Expanding the operating range with stoichiometric operation will be the subject of future studies.
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